A weak laser irradiation (523 -785 nm, 5 -60 mW) onto an Au electrode surface of a 27-MHz quartz crystal microbalance (QCM) caused a frequency increase (a mass decrease) in the air phase. These frequency changes depended on the wavelength of the irradiated laser in the order of 523 nm > 636 nm > 785 nm, which corresponds to the light absorbance of the Au electrode of the QCM. The laser response increased linearly with increasing laser power (5 -60 mW). In addition, the laser response showed a maximum at the incidence angle of 72 degrees when the P-polarized 636 nm laser was irradiated on the Au surface, due to the evanescent effect. These laser responses were also observed in the humid air of H2O, D2O, and in the vapors of various alcohols. Based on these findings, the observed frequency increase (mass decrease) can be explained by the photo-induced reversible desorption of water molecules from the Au electrode surface of the QCM due to the interfacial property changes.
Introduction
A quartz crystal microbalance (QCM) with a shear mode resonator has been known to act as a highly sensitive massmeasuring device at a nanogram level. 1 The sensing principle of a QCM is based on Sauerbrey's equation (1) :
where ΔF is the frequency change (Hz), F0 the fundamental frequency of the quartz crystal plate with electrodes, Δm the mass change (g), A the electrode area of the QCM, ρq the density of quartz (2.65 g cm -3 ), and μq the shear modulus of quartz (2.95 × 10 11 dyn cm -2 ). 2 This equation reveals that the resonance frequency decreases linearly with increasing the mass on the QCM electrode at a nanogram level. Consequently, QCMs have been employed for investigating various molecular recognitions between guest and host molecules immobilized on the QCM plate in the aqueous solution, 3 in addition to the air phase. 4 When the QCM is employed in the aqueous solution, we should consider the effects of interfacial liquid properties (i.e. density, viscosity, and elasticity), the energy dissipation (D-value) due to the thin film viscoelasticity, 4,5 electrode morphology, 6 and the acoustic coupling impact on the QCM oscillation behavior. 7 On the contrary, when the QCM is employed in the air phase, the frequency simply decreases linearly with the mass increase on the electrode according to Sauerbrey's equation (1) , and effects of the interfacial energy loss and the film viscosity are negligibly small.
In this paper, we report that the resonance frequency of a 27-MHz QCM increases 20 to 200 Hz (corresponding to the mass decrease of 12 -120 ng cm -2 ) when low-power lasers (10 -60 mW) irradiate onto the Au electrode of the QCM, and reverts to its original value when the laser is turned off. These lasers are very weak in comparison with those that have been used in conventional laser-induced surface reaction systems (ca. 1 kW) in which laser-induced ablation, decomposition, and other physical effects have been observed on solid surfaces. 8 We investigated the details of the laser response of the QCM in the air phase by changing the laser power, the laser wavelength, and the incident angle dependence of the laser, and by making changes in the atmosphere of the air phase such as humidity (H2O or D2O) or various alcohol vapors. From these results, we hypothesized that the laser irradiation onto a quartz crystal resonator causes a reversible desorption of water molecules from the Au electrode surface due to interfacial property changes.
Experimental

Materials
Deuterium oxide (99.9%) was purchased from Aldrich Co. and used as received. Water was purified though a Milli-Q system (Millipore) and used to prepare the salt solutions. Alcohols such as methanol, ethanol, 1-propanol, 2-propanol, 1-butanol and 2-butanol were purchased from Tokyo Kasei Co., Tokyo and dried with molecular sieves before use. Inorganic salts such as LiBr, LiCl, NaBr, NaCl, KCl, CH3COOK, CH3COONa, K2CO3, and Na2HPO4 were purchased from Nacalai Tesque Co., Tokyo and used to control the relative humidity in the air phase.
Apparatus
An AT-cut 27 MHz QCM (8.7 mm diameter of a quartz plate, 2.6 mm of Au-Ti electrode with a 5.3 mm 2 area) was purchased from Ukou Denshi Co., Saitama, Japan. The QCM was connected to our hand-made oscillating circuit and the frequency was monitored with a universal counter (Model 53131A, Hewlett-Packard Co., Tokyo) attached to a PC. 2a,2b,3a-e In order to measure other properties of the QCM, we applied a vector network analyzer (Model R3754B, Advantest Co., Tokyo) using a QCM adaptor (Model PIC-001, Sansei Denshi Co., Tokyo).
Data were collected with a PC via a GP-IB/RS232C converter (GPNET Model-10+, Network Supply Co., Nagano).
For our laser sources, we used laser diodes with wavelengths of 523 nm (DPGL-3010T with maximum power: 11 mW, Kouchitoyonaka Giken Co., Kochi, Japan), 636 nm (MLX-A12-640-20 with maximum power: 8.5 mW, Kikoh Giken Co., Hyogo, Japan), and 785 nm (Model 785 with maximum power: 60 mW, Lambda-Vision Co., Kanagawa, Japan). We then channeled laser beams into a spot ca. 0.1 mm in diameter at the center of the Au electrode of the QCM plate. The irradiating laser power was controlled with an ND filter (Model NDHN-50, Sigma Koki Co., Tokyo) and measured with an optical sensor (Model Q82014A, Advantest Co., Tokyo) attached to an optical multipower meter (Model TQ82010, Advantest Co., Tokyo). An electrical shutter system (Model 041ES211 + 041SC850, Melles Griot Co., Tokyo) was used for gating the laser irradiation. In order to synchronize it with the QCM data acquisition, we connected the shutter system to a PC, which was controlled by programs developed in-house using VisualBasic (Version 6.0, Microsoft).
Laser-QCM measurements
In order to avoid any stray light and any electrical noise from the surroundings, all instruments except the measuring computer (a universal counter, a network analyzer, and a shutter circuit) were placed in a dark chamber (Fig. 1A) .
The Au electrode of the QCM was cleaned twice using a piranha solution (H2SO4:20% H2O2 = 7:3) for 5 min before use. The QCM was set in the upper air phase of a cell and a saturated salt aqueous solution or conc. H2SO4 was set at the bottom to control the relative humidity of the air phase. The relative humidity was controlled at ca. 0% with conc. H2SO4, 7% with sat. LiBr, 9% with sat. H3PO4, 15% with sat. LiCl, 22% with sat. CH3COOK, 43% with K2CO3, 58% with sat. NaBr, 75% with sat. NaCl, 76% with sat. CH3COONa, 86% with KCl, and 95% with sat. Na2HPO4.
The laser beam was irradiated perpendicular to the Au electrode of the QCM plate with a tilt angle of 5 degrees in order to avoid effects of the reflected light from the QCM plate.
We collected frequency data from the universal counter three times per second. Laser irradiation was maintained for 30 s followed by a dark state for the same period of time. Five data sets of the on/off cycle of laser responses were averaged, and a linear frequency drift of the QCM was corrected.
Results and Discussion
Laser response of QCM Figure 1 shows a setup for the laser-QCM experiments and a typical frequency change of a 27-MHz QCM, responding to each on/off cycle of the continuous red laser irradiation (0.1 mm diameter, 636 nm, 8 mW) in the air phase (humidity: 22% with sat. CH3COOK). Similar responses were observed in all of the laser-QCM experiments. When the laser was irradiated onto the center of the QCM electrode (2.6 mm diameter of Au), the frequency rapidly increased and then achieved steady values (ΔF = 63 Hz) within 2 to 3 s. When the irradiation was turned off, the frequency immediately reverted to the original value. Sauerbrey's equation (1) indicates that a frequency increase of 63 Hz of the 27-MHz QCM can be simply interpreted as the mass decrease of 40 ng cm -2 on the electrode. The laser power used here was too weak to induce the laser ablation on the Au electrode surface. 9 Although viscosity and viscoelasticity changes of solvent and film on the surface cause significant frequency shift on a QCM in the liquid phase, the dynamic properties of the film on a QCM surface do not exert so much influence in the gas phase. Therefore, it is possible that this reversible frequency increase may be based on the interfacial equilibrium state change and on the practical mass decrease caused by laser irradiation in the air phase. Furthermore, we tried to estimate the electrical property change of the QCM with laser irradiation. Due to the measurement limitation of our vector network analyzer, no significant changes in other properties of the QCM such as resistance, impedance, and capacitance, based on a circuit comprised of these four elements were observed.
One hypothesis that may explain the frequency increase is the thermal effect of the laser irradiation onto the surface. To assess this issue, we measured the temperature of the Au electrode with a Pt thermocouple glued on the electrode surface. An 8-mW laser at 636 nm onto an Au electrode produced an increase of 0.04°C in temperature in our experimental system. However, the 27-MHz AT-cut quartz crystal used here shows an opposite temperature-dependent frequency shift in the air phase. To be more specific, the frequency of this QCM decreases approximately 20 Hz with 1°C increase in temperature at ambient conditions. Therefore, considering only the thermal effect of the laser on the QCM, the frequency should decrease about 0.8 Hz with the same laser in this system. Another QCM resonator that has a slightly different cut angle, and therefore has a different temperature constant (-85 Hz/°C), also showed same frequency shift with laser irradiation. From these observations, we conclude that the temperature effects role in this phenomenon.
As for other effects, we suspect that a photo-induced desorption of admolecules such as water from the electrode surface (i.e. mass decrease) occurred. Quantitative analysis using STM has demonstrated that water molecules adsorbed on a gold film sputtered on a glass plate even at low relative humidity. 10 In situ observation of the water desorption process from the gold electrode has also been carried out with the QCM.
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These previous findings suggest that approximately 10 layers of water exist on the Au surface at ambient conditions. If the laser response reflects only the mass change of the desorption of water from the surface, a 60-Hz frequency increase indicates the mass decrease of 40 ng cm -2 from the Sauerbrey's equation (1), corresponding to the ca. 1.6 layers of the water desorption. 12 Thus, it may be reasoned that the laser power of 8 mW may partially desorb 1 to 2 layers of water from the surface, on which approximately 10 layers of water had adsorbed. Although we tried to measure the laser response of QCM in the N2 flow and under reduced pressure (2 mmHg), the almost same results were obtained. This means that it is difficult to except water molecules completely from the surface as mentioned below. In other words, high-sensitivity of the QCM makes it possible to detect a slight change of surface conditions. From the viewpoint of the system including the solid surface and the gas phase, the molecular desorption reveals the steady-state change of the system.
Photo-induced molecular desorptions have been studied mainly by using an ultra-high power laser source in ultra-high vacuum conditions, and some mechanisms have been proposed. 8 These discussions can be classified into two main types. One is a direct mechanism via electronic excitation with the adsorbed molecule and the substrate, categorized as the DIET (desorption or dissociation induced by electronic transitions) process. The other is an indirect mechanism (LITD; laser-induced thermal desorption). In fact, many modified variations of these mechanisms can explain surface desorption phenomena; however, they do not clarify the possibility of the molecular desorption from the surface with a low-power visible laser as used here. It is simple and easy to discuss these molecular desorption as a thermal desorption with the laser irradiation, and it would play a major role in this phenomenon. Nevertheless, it may be worth mentioning the DIET as a possible mechanism, as we will see below.
In the infrared region, it has been shown that desorption of admolecules can proceed with the direct resonant excitation of some vibration modes of the molecule on a surface. 13 With regard to water, it is well known that the water vapor has vibrational absorption bands in the region extending from the near ultraviolet to the infrared.
14 Furthermore, a near-infrared absorption of water dimers has also been recently observed. These facts indicate that the condensed liquid water at surfaces also has more complex vibrational characteristics depending on the chemical and physical features of the surface and may demonstrate absorption bands at the wavelength of the lasers used here. Although these absorptions are extraordinarily weak, the electromagnetic field enhancement of the Au electrode 8, 16 or possibly vibrationally assisted DIET 17 could serve as mechanism candidates for the low-power laser response of the QCM. Even on a polymer surface, it has been demonstrated that the water film can be modulated with low-level laser light. 18 Viewed in this way, the laser response of the QCM observed here may be regarded as, at least partially, a photo-induced state change of adsorbed water including desorption from the surface of the QCM. Figure 2 shows the effects of the laser power on the frequency increases at three different wavelengths (523, 636, and 785 nm). Within the power ranges applied here, frequency changes linearly increased with increasing the laser power at each wavelength. As is easily seen in the figure, an obvious wavelength dependency on frequency increases was observed. Thus, the shorter wavelength of the laser beam showed the larger frequency changes due to the light absorbance of a gold film ( Fig. 2A) . This tendency strongly suggests that the photo-absorption is deeply connected to this phenomenon. The absorbed light energy can be directly made available for the state change of the QCM surface.
Effects of laser power, irradiating position, spot size, and incidence angle on QCM response
A QCM sensor has a Gaussian mass sensitivity distribution. Figure 3 demonstrates the position dependency of the focused laser irradiation (0.1 mm diameter, 636 nm, and 8 mW) on the frequency shift. The highest response was obtained at the center of the Au electrode and the response decreased gradually near the edge of the Au electrode (2.6 mm diameter). Thus, we observed the frequency increase (mass decrease) of the QCM at the location of the irradiated laser beam. Furthermore, the spot size dependency (0.1 -3 mm diameter) of the laser irradiation (636 nm, 8 mW) on the laser response of the QCM was investigated (see Fig. 4 ). Even with the same power of the laser, the expanded laser reduces slightly the total response of the QCM. This is attributable to the Gaussian distribution of the QCM sensitivity and the response linearity of the QCM against the laser power, as discussed above. For efficient monitoring of the laser response of the QCM, a focused laser (0.1 mm diameter) was used in this study. If the optical properties of the electrode affected this laser response as an interfacial phenomenon, the incidence angle dependency should be observable. Figure 5 shows the incidence angle dependence of lasers on the QCM electrode. By using a 636 nm S-polarized laser light, one finds that QCM frequency changes decreased with the rise in the incidence angle. This likely reflects the laser power per unit area at each angle. In sharp contrast with the S-polarized laser, P-polarized laser responses of the QCM had apparent maximum values at particular angles (72°at 636 nm and 63°at 523 nm) depending on the wavelength of the lasers used. These angles probably correspond to the pseudo-Brewster angle of the air/Au electrode interface at each laser wavelength. With these incidence angles, evanescent waves at the interface act more efficiently to trigger surface reactions including the water desorption. The reflected light intensity also demonstrated minimum values at the same angles (72°at 636 nm and 63°at 523 nm) observed in the maximum laser responses for each laser light (data not shown).
The maximum laser response with the 523 nm of 1.8 mW laser at 63°was relatively small in comparison with that with the 636 nm of 8 mW laser at 72°, although the laser responses near the zero degree were the same. In other words, the weak-absorbed laser at 636 nm more clearly depends on incidence angles for the surface reaction. The laser wavelengths and incidence angle dependencies discussed above are counter examples to the view that the laser response of the QCM is a mere thermal or radiation pressure effect of the light irradiation against a quartz crystal.
Effect of humidity on laser response
If the laser response of the QCM is based on the molecular desorption from the electrode surface, the types and quantities of admolecules will affect surface reactions at the QCM electrode. Figure 6 shows relative humidity dependencies of H2O on frequency changes with the laser irradiation (636 nm, 8 mW). The relative humidity was controlled with a saturated salt solution at the bottom of the QCM cell, as described in the experimental section (Fig. 1A) . Results using D2O salt solutions in place of H2O are also represented in the same figure. The originally adsorbed amount of water on the QCM increased with increasing the humidity (data not shown). However, only a slight dependency of frequency changes against the relative humidity of H2O was observed. Thus, the amount of water desorbed was considerably less compared to the total water volume on the surface. In other words, the amount of water desorbed by the laser irradiation may saturate at a relatively low humidity level.
Unfortunately, because of the difficulty of removing H2O molecules from the D2O system, the difference between H2O and D2O is unclear. However, the laser response of the QCM in the presence of D2O vapor is comparatively smaller than that in the case of H2O in the middle humidity region. The main reason could be the strength of the H-bond of D2O or the macroscopic characteristics of the heavy water such as viscosity. Furthermore, it is likely that different interactions of D2O and H2O with the electrode surface induce this frequency change. For example, it has been demonstrated that D2O and H2O interact with Ru crystal surfaces in a different manner.
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Effect of admolecules on laser response
We investigated the laser response in the presence of various alcohol vapors. Frequency increases by the laser irradiation (523 nm, 8 mW) in the presence of water or various alcohol vapors were plotted against their vapor pressures at 25°C 20 in Fig. 7 . The laser response linearly increased with increasing the vapor pressure of admolecules on the QCM. Thus, the high-vapor-pressure (volatile) alcohol easily desorbs from the surface with the laser irradiation.
In order to discuss the kinetic features of the laser response, we fit the frequency-increasing profile from the laser irradiation using a Kaleida Graph. However we could not fit the data with a single exponential function. The frequency-increasing profiles could be fitted as two-component kinetics, if the fast and slow desorptions occur simultaneously. 
where ΔFf and ΔFs are the magnitude of the fast and the slow kinetics components, respectively, and τf and τs are the time Fig. 7 Plots of QCM frequency increases by the irradiation of the 636 nm, 8 mW laser against vapor pressures of various alcohols and water at 25°C. In the case of the dry gas phase of N2, the vapor pressure was plotted at 0 mmHg tentatively. In the absence of alcohol and water, the resultant data set of N2 approximately conforms to the results with water. This fact strongly suggests that even in the case of the absence of water, the laser response of the QCM reflects the water layer on the electrode surface. In other words, it is difficult to remove the water layer from these surfaces at ambient conditions.
ΔFf values were larger than the slow component of ΔFs and the main component of the frequency-increasing profiles. ΔFf values show a good agreement with the results demonstrated in Fig. 7 and τf values are almost constant, independent of kinds of admolecules. In contrast to the fast kinetics component, the slow kinetics component varies depending on chemical structures of admolecules on the surface. Figure 8 shows plots of τs values versus vapor pressures of admolecules, in which water (and N2), primary alcohols and secondary alcohols could be categorized in three groups. In the group of water and N2, the contribution of the slow component is quite low. The normal C1 -C4 alcohol series has a tendency to demonstrate somewhat slower frequency changes with decreasing molecular weight. In the case of the secondary alcohols, the contributions of the slower component, especially within time constants, are relatively larger, and the brief frequency changes are slower than in the case of primary alcohols for their vapor pressures and molecular weights. The interaction between water and alcohols with gold surfaces of the QCM through the OH groups has been discussed. 21 Therefore, the other end of the molecule faces the opposite direction against the gold surface. The first layer bound to the surface affects the structure and physical properties of the further layer of the adsorbate. Alternatively, the conversion and migration of photo-induced energy may be influenced by the specific interaction of the adsorbed molecules.
Conclusions
Laser irradiation onto the QCM surface induces a reversible frequency increase. Although this QCM frequency change with the laser irradiation has already been discovered, it was ascribed briefly to the evaporation of surface substances. 22 In this study, we investigated the detailed features of this phenomenon. We observed an opposite frequency change against the thermal effects of the AT-cut quartz resonator. Furthermore, we also monitored the effects of humidity and vapor pressure of alcohols on the QCM response. Although the mechanism remains to be elucidated, in detail, we have shown that the laser response of the QCM is due to an interfacial state change via photo-induced surface reaction.
From the results obtained here, we emphasize that the laser response of the QCM can be used for the monitoring surface state, depending on the chemical features of the surface of a quartz resonator and the molecules. The novel method provided here is promising and will open new aspects of a low-powered photo-induced surface chemistry and interfacial science.
